The role of the negative-stranded virus accessory C proteins is difficult to assess because they appear sometimes as nonessential and thereby of no function. On the other hand, when a function is found, as in the case of Sendai virus, it represents an enigma, in that the C proteins inhibit replication under conditions where the infection follows an exponential course. Furthermore, this inhibitory function is exerted differentially: in contrast to the replication of internal deletion defective interfering (DI) RNAs, that of copy-back DI RNAs appears to escape inhibition, under certain experimental conditions (in vivo assay). In a reexamination of the C effect by the reverse genetics approach, it was found that copy-back RNA replication is inhibited by C in vivo as well, under conditions where the ratio of C to copy-back template is increased. This effect can be reversed by an increase in P but not L protein. The "rule of six" was differentially observed in the presence or absence of C. Finally, a difference in the ability of the replicating complex to tolerate promoter modifications in RNA synthesis initiation was shown to occur in the presence or the absence of C as well. We propose that C acts by increasing the selectivity of the replicating complex for the promoter cis-acting elements governing its activity. The inhibitory effect of C becomes the price to pay for this increased selectivity.
Unless otherwise determined by specific genes (e.g., inducing latency), by specific viral constituents (e.g., defective interfering [DI] particles), or by a particular cellular environment (e.g., nonpermissive cells), viral infections spread exponentially, i.e., viral macromolecules tend to accumulate to provide all the components for efficient viral assembly and virion production. Unlike those of structural proteins and minimal essential genes, nonstructural functions always represent an enigma in this context. The set of Sendai virus (SeV) C proteins is a pertinent example of these. Not only are the C proteins marginally represented in virus particles, but also they appear to exert a negative effect on the extent of genome replication, this in the context of an otherwise exponentially spreading infection.
SeV is a member of the Paramyxovirus genus in the Paramyxovirinae subfamily. All members of this subfamily contain at least six transcription units (genes), encoding the nucleocapsid (N) protein, phosphoprotein (P protein), matrix (M) protein, two surface glycoproteins (H or HN and F proteins), and the large (L) RNA polymerase protein, which represent the minimal essential genes of this virus subfamily. Many of these viruses also encode other proteins from extra transcription units or from alternative expression mechanisms in the P gene (25) . The SeV P gene is remarkable in this respect, in that it can encode as many as eight different polypeptides via overlapping open reading frames (ORF), mRNA editing, leaky ribosomal scanning, and a ribosomal shunt (6, 7, 22, 23, 26a) . The C proteins are a nested set of four polypeptides (called CЈ, C, Y1, and Y2), initiated at different translation start sites (in the ϩ1 frame relative to that of P) but sharing a common C-terminal end. CЈ translation starts on an unusual ACG codon at position 81 of the P mRNA, upstream of the P protein initiation codon (AUG 104 ). C, Y1, and Y2 then initiate on ATGs at positions 114, 183, and 201, respectively. The four polypeptides end on TAA 726 and are thus, respectively, 215, 204, 181, and 175 amino acids in length. C proteins are expressed by all viruses of the Paramyxovirus and the Morbillivirus genera but not necessarily as the whole array of polypeptides. For instance, measles virus appears to express only a single C protein (33) . In addition, an overlapping C ORF is absent in members of the Rubulavirus genus, which is the remaining genus of the Paramyxovirinae. In the more distantly related Rhabdoviridae family, vesiculoviruses such as vesicular stomatitis virus (VSV) contain a C-like ORF in the P gene which expresses two C proteins (36) , but this ORF is absent in lyssaviruses such as rabies virus.
The C proteins are basic polypeptides, exhibiting little specificity in their intracellular localization (32) . Due to their minimal representation in virus particles, they were first described as nonstructural proteins (26) , but they have since been detected in virions in association with nucleocapsids by use of specific antibodies (38) . Recombinant VSV and measles virus unable to express C protein have been prepared, and both of these viruses exhibit normal growth in cell cultures, suggesting that C has no essential role in virus multiplication under these conditions (24, 33) . For SeV, there is evidence that C acts as an inhibitor of RNA synthesis. When RNA synthesis is studied in vitro by the addition of core nucleocapsids to transfected cell extracts containing P and L (and N), the abrogation of C protein expression leads to a strong increase in mRNA synthesis from nondefective templates and in the replication of either DI-E307 or DI-H4 (9) (see Fig. 1 for a description of these RNAs). When genome replication initiated from cDNA copies of the DI genomes is studied in transfected cells, C coexpression inhibits DI-E307 amplification but not that of the copy-back DI-H4. As copy-back DI RNA (H4 RNA) and an internal deletion DI RNA (E307 RNA) differ essentially by which promoter sequences are present at P L (le ؉ and le ؊ for, respectively, E307 and H4), C appears to act as a promoterspecific repressor of RNA synthesis from P L in transfected cells and as a general repressor in transfected cell extracts (1) . Further, in a recombinant SeV recovery system, C expression prevents the rescue of a normal infectious virus (FL3, containing the same promoter arrangement as E307) but allows the rescue of FL3-GP42, a nondefective virus whose promoter features resemble, at least partially, those of H4 (15) .
From the data presented here, it is proposed that the C proteins act by increasing the selectivity of the replicating complex for the cis sequence elements governing its activity and, by doing so, limit the extent of replication. This interpretation ascribes a role to the C proteins and accounts for their apparent paradoxical effect.
MATERIALS AND METHODS
Virus and cells. Cells were grown in regular minimal essential medium (MEM) supplemented with 5% fetal calf serum (FCS) under a 5% CO 2 atmosphere. Recombinant vaccinia virus expressing the T7 RNA polymerase, vTF7-3, a gift from Bernard Moss (National Institutes of Health, Bethesda, Md.), has been described by Fuerst and colleagues (13) and was used accordingly. vTF7-3 stocks were grown in HeLa cells to titers ranging from 5 ϫ 10 8 to 5 ϫ 10 9 PFU/ml. Sequence and plasmids. The complete SeV RNA primary sequence (15,384 nucleotides) is taken from Shioda et al. (34, 35) and Neubert et al. (29) . Plasmids expressing the SeV N (previously named NP), P plus C, P without C, C, and L proteins, i.e., pGem-N, pGem-P/C (here PC wt ), pGem-PC stop , pGem-CЈ/C/ Y1/Y2 (here pGem-C), and pGem-L, respectively, under the control of the T7 RNA polymerase have been described previously (6, 9, 20, 22) .
The cloning of the natural SeV DI RNAs H4 and E307 in pSP65 (pSV-DIH4 and pSV-E307, respectively) under the control of the T7 RNA polymerase promoter has been described previously (2, 4, 12) . Their characteristics relative to those of the viral RNA are shown in Fig. 1 . The DI-H4 and DI-E307 RNA derivatives generated by fusion PCR (17) and shown in Fig. 2 have been described before (1, 37) . These contain reciprocal exchanges between each other's P L . They are identified as having an H4 or an E307 backbone, with subsequent information about the P L exchanges. For convenience, the 3Ј end of the viral genome is called the genomic promoter (GP), and the 3Ј end of the antigenome is called the antigenomic promoter (AGP). In the case of H4 RNA, which contains le ؊ (AGP) on both the minus-and the plus-strand RNAs, the distinction between the two promoters is made by noting AGP(Ϫ) or AGP(ϩ). Because in the data presented here only the minus-strand 3Ј end has been substituted, the (Ϫ) has been omitted. The promoter accepting the substitution is indicated, as is the range of nucleotides from the donor promoter. For example, H4-AGP36 indicates an H4 RNA derivative where the first 36 nucleotides of the minusstrand 3Ј end (AGP) have been substituted with the corresponding nucleotides from the E307 RNA minus-strand 3Ј end. Conversely, E307-GP48/98 indicates an E307 RNA whose minus-strand 3Ј end (GP) nucleotides 48 through 98 have been substituted with the corresponding nucleotides from the H4 AGP (see also the diagrams in Fig. 2) .
Replication system. The replication system has been described previously (4) . In brief, CV1 cells (about 107) were infected (multiplicity of infection of 3) with vTF7-3. One hour later, in the basic reaction, the cells were transfected with 5 g of pGem-N, 5 g of pGem-PC wt (or pGem-PC stop ), 1 g of pGem-L, and 5 g of the plasmid carrying the DI RNA sequence (transfection mixture) by incubation (3 h at 33°C) with 3 ml of MEM containing the plasmids mixed with 20 l of Transfectase (Bethesda Research Laboratories). Seven milliliters of MEM containing 2% FCS was then added. Cytoplasmic extracts were prepared 40 h later, and CsCl gradient-purified nucleocapsids were analyzed by Northern blotting with methods and 32 P-labelled riboprobes of positive or negative polarity described before (28, 37) . The signals were routinely quantitated by PhosphorImager scanning (Molecular Dynamics). When transfection of the template RNA-carrying plasmid was delayed (preloading experiments), the medium was removed at various times and replaced with 3 ml of transfection mixture containing 5 g of the template plasmid. After overnight incubation at 33°C, 7 ml of MEM containing 2% FCS was added for the rest of the incubation period (a total of 43 h). The cells were then processed as described above.
Limited primer extension. The sequence analysis of the editing site was done as described before (16) , except that no PCR amplification was done in the present study. Limited primer extension was done with reverse transcriptase directly on purified nucleocapsid RNA by use of the 32 P-labelled primer SeV edit (19) , complementary to the sequence immediately downstream from the editing site.
Western blot analysis. Aliquots (about 1/100 and/or 1/600) of the cytoplasmic extracts prepared for the nucleocapsid RNA analysis (see above) were set aside for protein analysis by Western blotting. This analysis was performed as described previously (6) with mouse-derived antibodies against L, P, N, and C proteins (9, 11) , at 1:8,000, 1:10,000, 1:50,000, and 1:1,000 dilutions, respectively.
The blots were developed with a goat anti-mouse antibody conjugated to peroxidase by use of an enhanced chemoluminescence substrate (Amersham) at a 1:4,000 dilution. The exposed film was scanned, and the signals were quantitated by the program ONE-Dscan (Scanalytics).
RESULTS

A selective cis sequence target for the C inhibitory effect?
We monitored the effect of SeV C on the replication efficiency of DI RNAs in a cell transfection assay in which viral replicons (DI RNAs) and the viral functions required for their replication (N, P, C or no C, and L proteins) were expressed from pGem plasmids and the T7 RNA polymerase was generated by concomitant infection with a recombinant vaccinia virus. The replicon transcripts, made as positive strands with exact 5Ј (T7 polymerase start) and 3Ј (hepatitis delta virus ribozyme cleavage) viral ends, were first encapsidated by the viral N protein. These plus-strand nucleocapsids then served as templates for the SeV RNA replicase (P, L, and N), leading to the production of minus-strand nucleocapsids. Multiple rounds of amplification resulted in the accumulation of genome and antigenome nucleocapsids. The extent of replication was monitored by Northern blotting for minus-strand nucleocapsid RNAs, which were made only by the SeV replicase; a reaction in which pGem-L was omitted controlled for this. This assay proved to be useful and reliable in our experiments. The requirement for the SeV template DI RNA to be a multiple of 6 nucleotides (the "rule of six") was demonstrated in this way (3), as were other aspects of the SeV multiplication cycle, including the partial characterization of the cis signals involved in transcription, replication, and mRNA editing, the structurefunction analysis of the P and the M proteins, the promoterspecific action of C and, last but not least, the recovery of infectious viruses from cDNA (1, 4, 15, 19, 27, 30, 37 ). An advantage of this assay is the ability to adjust the amount and the nature of the viral components. For example, either a wild-type P gene (PC wt ), in which the C proteins are coexpressed along with the P protein, or one containing a stop codon just downstream of the Y2 protein AUG 201 (PC stop ) can be used (4, 37) . The removal of the C proteins from the assay allowed the determination of the C inhibitory effect (see introduction and Cadd et al. [1] ).
To more precisely characterize the cis-acting sequence target for the inhibitory effect of C, we examined chimeric DI-E307 genomes, in which various amounts of the normal le ؉ sequences at P L were replaced with the equivalent le ؊ sequences, as well as DI-H4 genomes, in which the copy-back le ؊ sequences at P L were replaced with the equivalent le ؉ sequences (for a schematic presentation of the SeV RNA features, see Fig. 1 ). Consistent with previous results (1), DI-H4 RNA replication was insensitive to the presence of the C proteins ( Fig. 2A, H4 , with or without C). On the other hand, there was a 7.5-fold-lower accumulation of DI-E307 RNA when C was coexpressed ( Fig. 2A, E307 ). DI-E307 RNA also accumulated to lower levels than DI-H4 RNA in the absence of C coexpression, suggesting that the le ؊ promoter is inherently more efficient than the le ؉ promoter at P L . When the first 36 or 48 nucleotides (nt) of the le ؊ sequence at P L of H4 were replaced by the equivalent le ؉ sequence, genome accumulation was inhibited about four-and ninefold, respectively, in the presence of C ( Fig. 2A) . When nt 24 to 55 were exchanged, genome accumulation was inhibited fivefold (Fig. 2B ). Similarly, when the first 24, 33, or 48 nt of the le ؉ sequence at P L of E307 were replaced by the equivalent le ؊ sequences, genome accumulation was progressively less inhibited (from 7.5-to 2-fold) in the presence of C, and when nt 24 to 55 were exchanged, genome accumulation was reduced from 7.5-fold to 5.4-fold (Fig. 2) . On other hand, when nt 48 to 98 of the le ؉ region sequence at P L of E307 were replaced by the equivalent le ؊ region sequence, genome accumulation continued to be inhibited in the presence of C ( Fig. 2A) . Thus, for both E307 and H4, the larger the le ؉ sequences at P L , the stronger the inhibitory effect of C. Conversely, the larger the le ؊ sequences at P L , the weaker the inhibition. The target for the C inhibitory effect thus appears to be confined to and to extend throughout the le ؉ sequences at P L . H4 RNA is sensitive to the C inhibitory effect. Whereas H4 replication is insensitive to C inhibition in transfected cells, it is highly sensitive (up to 20-fold) to C coexpression in transfected cell extracts (see introduction and Cadd et al. [1] ). The discrepancy may be explained by the difference between the two assays. In the cell extract assay, the H4 template was added to a set of proteins which had accumulated for 24 h in the transfected cells. In the transfected cell assay, all the plasmids were transfected simultaneously, so that the levels of the viral proteins built up in concert with those of the templates. We therefore examined the effect of pretransfecting pGem-N, pGem-PC wt , and pGem-L, followed by pSV-DIH4 transfection, on the intracellular accumulation of H4 (Fig. 3) . When the pSV-DIH4 transfection was delayed by 1.5 h, there was a threefold difference in replication efficiency between the conditions in the presence or absence of C (Fig. 3B ), and this difference increased to seven-to eightfold after a delay of 8 to 11 h. Preloading cells with C (along with N, P, and L) thus led to the inhibition of H4 replication in the transfected cells.
FIG. 1. SeV RNAs
The SeV full-length RNAs are shown schematically in the conventional way, i.e., coding strand (ϩ) 5Ј to 3Ј, from left to right. The minus-strand RNA (line 2) is depicted with its two promoter regions at left and at right, P L and P R , next to the le ؉ and le ؊ template regions, respectively. The transcription products from these templates are shown below as the le ؉ RNA and the six mRNAs corresponding to the six transcription units. The features of the internal deletion DI E307 RNA are shown below, including its ability to encode only a single N/L mRNA due to the deletion of all the sequences in between. Note at P L and P R the same promoter regions as are present in the viral genome. In contrast, in the DI H4 RNA, the copy-back feature results in the presence of the same le ؊ promoter region at P L and P R . Due to the lack of a transcription signal, no mRNA is produced from this type of DI RNA. nt, nucleotides. ) were infected with vTF7-3 and transfected with the plasmids pGem-N, pGem-PC wt or pGem-PC stop (ϩ or Ϫ in C column, respectively), and pGem-L and the template plasmids listed on the left as described in Materials and Methods. At 43 h later, the cells were collected, and the encapsidated RNAs were analyzed by Northern blotting with a probe of positive polarity (see Materials and Methods and Results). The asterisks in the C column indicate samples from which the L plasmid was omitted. The C inhibitory effect was calculated by dividing the signals obtained in the absence of C (lanes Ϫ) by those obtained in the presence of C (lanes ϩ). On the right, a graphic representation of the various RNA templates is shown as minus-strand RNAs, 3Ј to 5Ј, from left to right. Except for the two parents, the H4 and E307 RNAs (uppermost and lowermost in panel A, respectively), for which the whole sequence is shown, only the minus-strand 3Ј end (P L ) is shown to emphasize the substitutions made (dark gray box, H4 P L ; light gray box, E307 P L ). The replication efficiency was evaluated by PhosphorImager scanning of the Northern blots.
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Preloading cells with C could have two effects: (i) the level of C relative to that of templates at the early stages of amplification will be increased, and (ii) C will have been present intracellularly for a longer time before replication begins and therefore will be more subject to possible modification. To distinguish between these two possibilities, we transfected all the plasmids simultaneously, but with decreasing amounts of pSV-DIH4 (Fig. 4) . Under these conditions, only the ratio of C to genome templates will vary. As before, when 5 g of pSV-DIH4 was transfected, DI genome accumulation was unaffected by C (Fig. 4, lanes 1 and 2) . However, as progressively less pSV-DIH4 was transfected, the inhibition of H4 replication in the presence of C became progressively stronger (compare lanes 3 and 4, lanes 5 and 6, and lanes 9 and 10 with lanes 7 and 8 and lanes 11 and 12) . A mean C inhibitory effect of ca. 4-6-fold was apparent at the lowest pSV-DIH4 amounts transfected. The experiments in Fig. 3 and 4 are thus consistent with the notion that an abnormally high ratio of C to templates results in the inhibition of H4 RNA replication.
Inhibition depends on the concentration of C proteins. The above-described results suggest that the inhibition of DI-H4 replication is dependent on the concentration of C. To further examine this idea, we preloaded cells with pGem-N, pGem-L, and pGem-PC stop , as well as with increasing amounts of a plasmid expressing only the C proteins (pGem-C) or increasing amounts of pGem (with no insertions) as a control. Figure 5A shows that the extent of H4 replication was indeed decreased in proportion to increasing amounts of pGem-C (compare lane 2 with lanes 3, 5, and 7). Figure 5B shows that increasing amounts of pGem-C led to increasing levels of C intracellularly. The level of L protein, however, was unexpectedly reduced by eightfold at the higher plasmid concentrations (lanes 7 and 8), and this result appeared to be due to a nonspecific effect of excess plasmid transfection. When DI-H4 replication in the presence of increasing amounts of pGem-C (lanes 3, 5, and 7) was examined relative to that in the presence of increasing amounts of pGem (lanes 4, 6, and 8), the additional transfection of 1, 2.5, and 5 g of pGem-C resulted in 2-, 15-, and 20-fold inhibition, respectively. The inhibition of H4 replication clearly responded to C protein concentrations (Fig. 5C) .
C inhibition can be reversed by increasing P but not L. The ability of the C proteins to inhibit transcription in cell extracts was strongest when C was coexpressed with P and L. C could interact with P to exert its effect, since P overexpression partially reversed C inhibition (9) . Figure 6 shows that this countering effect of excess P could be reproduced in transfected cells. In Fig. 6 , lanes 4 and 5, P was increased intracellularly by the addition of pGem-PC stop with pGem-PC wt , resulting in about ninefold better replication (compare with lane 6). In contrast, an increase in L (lanes 2 and 3) could not relieve C inhibition. The inhibitory effect of C was relieved with an increase in P of less than threefold, while a fivefold increase in L was ineffective (Fig. 6B ). An expression of the relative protein ratios, with the amounts of C as the common denominator, showed the correlation between a high P/C ratio (but not a high L/C ratio) and the reversal of the C inhibitory effect (Fig.  6B , bottom, numbers in parentheses).
C and the rule of six. C inhibition appears strongest on templates which replicate less well. H4 replicons which are not of hexamer length replicate very poorly. Although these RNAs can be shown to be amplified marginally above the background (no L protein present) in the presence of C, they generally are amplified ca. 50-to 100-fold less efficiently than H4 RNAs of exactly hexamer length (3, 27) . The effect of C on the relative replication of H4 RNA (1,410, or 235 ϫ 6, nt long) and H4ϩ1 RNA, i.e., H4 RNA 6nϩ1 nt long (1,411 nt), is shown in Fig.  7 . As before, H4ϩ1 replicated 50-fold less efficiently than H4 (1,410 nt) in the presence of C. This difference was reduced to 10-fold in the absence of C (compare lanes 5 and 6 with lanes 9 and 10). This result was reproducibly observed not only for H4ϩ1 but for the whole series of derivatives which violate the rule (H4ϩ2, H4ϩ3, and so forth; data not shown). This result could mean that hexamer length is less important in the absence of C or that the genomes are corrected to hexamer length during replication. Genome length correction has been shown to occur at the editing site in the P gene (a site prone to RNA polymerase stuttering) during antigenome synthesis (16) . H4 RNA does not contain this site but retains the L gene polyadenylation site, at which RNA polymerase stuttering also occurs. Limited primer extension through this sequence, however, found no evidence of genome length correction at this site (data not shown).
Rather than sequencing the entire H4ϩ1 RNA in search of a possible length correction, we examined the effect of C on genome length correction by introducing the polypurine run (A 6 G 3 ) of the P gene editing site into DI-H4, creating H4ed and H4edϩ1 RNAs. The replication of H4edϩ1 RNA in the absence of C was previously shown to result in a 1-base deletion at the editing site (16) . In the presence of C, H4ed was found to replicate ca. threefold less efficiently than H4, presumably as a result of this insertion (Fig. 7A) ; consequently, the difference between the H4ed and H4edϩ1 amplification levels was only ca. eightfold (compare lanes 7 and 8). In the absence of C, this difference was reduced to ca. twofold (compare lanes 11 and 12), due in large part to a higher level of replication of H4edϩ1. Limited primer extension across the editing site (Fig. 7B) showed that genome length correction took place in the presence of C (16), since ca. 30% of the accumulated H4edϩ1 RNAs had a 1-nt deletion (Fig. 7B,  Corrected) . In the absence of C, Ͼ90% of the accumulated genomes exhibited a corrected length. Thus, either the probability of genome length correction increased in the absence of C or there was a preferential amplification of the corrected genome due to the increased rounds of replication occurring in the absence of C (Fig. 6A) or both. In either case, genome length correction was more efficient in the absence of C. Note here that the intensity of the signals in Fig. 7B (under H4edϩ1) did not reflect the relative level of RNA amplification, since ninefold more cells were used in the presence of C to compensate for the lower level of replication. The relative level of replication could however, be noted from Fig. 7A .
C changes the flexibility of the replicating complex. The first interpretation of the rule of six, based on the suggestion that each N subunit contacts exactly 6 nt (10), postulates that the cis-acting sequence for replication at the 3Ј end of the template must be exactly covered by the N protein subunit (3). This postulate indicates that the nucleotides are seen in the context of the N subunit. The notion was then introduced that the six contacts between an N subunit and the 6 nt that it covers are not equivalent. For instance, a nucleotide normally in contact site 2 of the subunit is seen by the polymerase differently when positioned in contact site 3 or 4; i.e., the subunit imposes a phase on the sequence. This notion came from a series of constructs derived from E307 (E307A RNAs; see below) in which various insertions or deletions in P L were made. The replication ability of these derivatives suggested that (i) the polymerase made multiple base contacts over at least 77 nt in the promoter region for initiation, (ii) that these bases were likely to be viewed in a certain context with regard to the N subunit, and (iii) that these contact sites may have been discontinuous (30) . These conclusions were drawn from results obtained without C coexpression, conditions under which the replicating complex was shown to tolerate variations either in the N subunit context or in the postulated distance between the cis-acting sequences (30) .
The same derivatives were analyzed with C coexpression. Figure 8A shows the derivatives and their sequences presented in hexamer units to highlight the phase context in which the nucleotides were found. In these E307A RNA derivatives, the introduction of two restriction sites (BglII and NsiI) allowed between one and five base insertions downstream of the BglII site to alter the base context. For instance, A-56, which represents nt 1 of the N transcript, progressively moved from its original position in the hexamer. After a 6-base insertion at this site (ϩ6/ϩ0), the nucleotide context returned to normal, but all the nucleotides were shifted one hexamer downstream. Note that, when required, compensatory modifications were made downstream, at the NsiI site, to maintain the hexamer length. From there downstream, then, the context was conserved, although the nucleotides were shifted by one hexamer. Also noteworthy was the construct ϩ0/ϩ6, for which the context upstream from nt 66 was not changed in the interval but was shifted by one hexamer from the NsiI site downstream. The left side of Fig. 8A shows the replication ability of the derivatives, measured in the presence of C and relative to that of E307A, the wild-type control ("wt") for this experiment. The values are given in Fig. 8B (ϩC) , side by side with those obtained previously in the absence of C coexpression (ϪC) (30) . Figure 8C shows graphically the comparison. It is clear that the presence of C represented nonpermissive conditions for all the derivatives with insertions or deletions, in contrast to FIG. 7 . Effect of C on genome length correction. (A) Identical CV1 cell samples were infected and transfected as described in the legend to Fig. 2 (simultaneous transfection) with the indicated supporting and template plasmids. H4ϩ1, H4ed, and H4edϩ1 indicate plasmids described in the text (see Results). Replication efficiency was determined as described in the legend to Fig. 2. (B) Limited primer extension of the purified nucleocapsid RNA was done as described in Materials and Methods. In lane 2 under H4edϩ1, ninefold more cells were used to start with to compensate for the lower level of replication (see panel A). Corrected and Not corrected indicate, respectively, the 1-nt deletion being present or absent at the editing site. ) with the added BglII and NsiI sites. Letter code: lightface lowercase characters, base modifications used to create the two restriction sites in E307A; lowercase bold characters, insertions used to create the derivatives described by the additions at the two sites (ϩ0/ϩ6, ϩ1/ϩ5, and so forth); uppercase bold characters, context changes brought about by the insertions. On the left is shown a Northern blot analysis of the replicated RNAs. (B) Replication efficiency expressed as described in the legend to Fig. 2 , taken from the Northern blot analysis in panel A and others (data not shown) for the ϩC conditions and from Pelet et al. (30) for the ϪC conditions. Note that 100% refers to different absolute replication efficiencies under the two conditions, as shown in Fig. 2A for E307. (C) Graphic comparison of derivative replication efficiencies achieved in the ϪC and ϩC conditions. the results obtained in the absence of C, where some derivatives were efficiently amplified. For instance, the shift of one hexamer which did not change the context (ϩ0/ϩ6 and ϩ6/ϩ0; see A56) obliterated replication in the presence of C, whereas that in the absence of C was as efficient as wild-type replication. Similar results were obtained when the context was changed (ϩ1/ϩ5 and ϩ5/ϩ1; ϩ2/Ϫ2). In conclusion, whatever accommodation is possible in the absence of C appears not to be tolerated with C coexpression.
DISCUSSION
We previously found that the normal coexpression of C along with P and L in transfected cells inhibits the amplification of internal deletion DI-E307 but not that of copy-back DI-H4. As these DI genomes differ essentially by which le region is present at P L and as the sensitivity of E307 to C inhibition could be relieved by substituting the le ؉ sequences normally present at P L with the equivalent le ؊ sequences, it appeared that the le ؊ region promoter was insensitive to inhibition by C protein (1) . The present study, however, shows that C can act on the le ؊ region promoter as well, provided that (i) the transfected cells are preloaded with C (along with the other viral proteins) before replication starts, (ii) progressively less pSV-DIH4 is transfected into cells, or (iii) concomitant additional expression of C from a separate plasmid is present. In all of these situations, the level of C relative to that of genome templates is increased, especially during the early stages of the amplification, and this increased ratio presumably accounts for the inhibition of DI-H4, which contains the le ؊ region promoter at both P L and P R . However, upon transfection of large amounts of pSV-DIH4 (5 g), the DI-H4 template concentration presumably increases rapidly, due to cis-acting signals conferring high replication per se and/or because the sequences in pSV-DIH4 are relatively insensitive to the inhibitory effects of C. The amplification of DI-H4 in this situation is thus little affected by the presence of C. For DI-E307, replicating poorly due to cis-acting signals on the template, C has time to accumulate so that its inhibitory effect exaggerates the weakness of the promoter, leading to strong inhibition of amplification.
Although the C proteins are the most abundant products of the SeV P gene intracellularly, viral particles contain very few C proteins (32, 38) . The work presented here suggests why the underrepresentation of C in virions might be important. In natural infections and in virus recoveries from cDNA (which require the suppression of C coexpression from the pGem-P supporting plasmid [15] ), the C proteins slowly accumulate during the course of infection or recovery (8) . This accumulation is also coordinated with that of the viral genomes and is thus apparently prevented from reaching ratios at which genome replication is strongly inhibited. On the other hand, when C proteins are allowed to accumulate in advance due to their coexpression from pGem-P, they presumably reach ratios relative to viral genomes which are too inhibitory for wild-type virus to be recovered. The replacement of the normal C-sensitive le ؉ sequence at P L with the relatively insensitive le ؊ sequence, however, permits the recovery of this recombinant SeV made into a copy-back nondefective construct (rSeV-GP42) (15) , presumably because the le ؊ region promoter is less inhibited by the higher ratios of C proteins to genomes. The relative exclusion of C protein from SeV virions thus appears to be an important feature of wild-type infectious virus assembly.
The C protein was first characterized as an inhibitor of mRNA synthesis from nondefective genomes and then as a promoter-specific inhibitor of transcription and replication from P L . The normal (le ؉ ) replication promoter at P L has recently been examined by insertion analysis of DI-E307 in the absence of C expression (30) . Insertions of 6 nt on either side of the le ؉ -N junction were well tolerated, but insertions of 12 or 18 nt uniformly prevented amplification of the E307 replicon. In the presence of C coexpression, however, the insertion of even 6 nt at either site was very poorly tolerated (Fig. 8) . Antigenome synthesis from an inserted le ؉ region promoter is thus particularly sensitive to the presence of C coexpression. In a similar vein, the ability of copy-back DI-H4 genomes, which are not precisely of hexamer length, to be amplified in transfected cells is improved (fivefold) when C coexpression is suppressed (Fig. 7) . The stringency of the rule of six also thus appears to depend on C coexpression. In both of the abovementioned cases, C appears to act selectively to prevent replication from "substandard" promoters. C thus exerts one effect that is modulated by the type of promoter. It appears promoter specific in that it depends on the extent of le ؉ or le ؊ sequences present at P L . This effect is also complex, as it is possible to create chimeric promoters of high efficiency which are very sensitive to C inhibition and those of weak efficiency which are insensitive to C inhibition. Inherent promoter strength and promoter sensitivity to C are thus separate properties, difficult to distinguish, however, in an assay which only monitors the results of the two properties. It is only in the absence of C that inherent promoter strength can be estimated.
Precisely how C acts on the replicating complex remains unclear. One reason we know so little is that we are unable to reproduce a key aspect of this inhibition in vitro. When RNA synthesis is examined in transfected cell extracts to which core nucleocapsids (minus P and L) are added, the addition of C protein from a separate extract to a P 3 -L complex made in the absence of C has no effect on either transcription or replication (9) . This is so even though the C added in trans appears to bind to the reconstituted holo-nucleocapsids (i.e., nucleocapsids active for RNA synthesis) normally (in either case, only a small fraction of the C protein is found on holo-nucleocapsids; 1a). We thus only know that C must be coexpressed with P and L in transfected cells for its effect to be seen in cell extracts. There can be several explanations for this fact, including that C may act indirectly during the formation of the P 3 -L complex. Indeed, we have so far been unable to demonstrate the presence of C protein in a complex with either P 3 or P 3 -L. Furthermore, when P 3 -L complexes are isolated from transfected cells on immunobeads and then used to drive viral RNA synthesis in vitro, P 3 -L assembled in the presence of C protein is just as active as that assembled in the absence of C protein (9a). The inhibitory effect of C on the activity of the polymerase complex is thus reversible and is lost upon purification of the P 3 -L complex. The ability of C to modulate polymerase activity might occur via low-affinity complexes (if it were direct), and this ability might explain the requirement for high intracellular levels of C. We also know that the levels of P protein are important for inhibition, since the inhibitory effect of C can be reversed by the overexpression of P (but not L) (Fig. 6) , consistent with what has been observed with cell extracts (9) . Finally, since C is as inhibitory for mRNA transcription as it is for genome replication (in vitro), we assume that C acts on the P 3 -L polymerase rather than on the P 3 -N assembly complex during genome replication.
Even though more specific information is lacking (and Fig. 9 reflects this fact), it is possible to visualize one way in which C might exert its effect. The template in Fig. 9 is shown as a horizontal stack of vertical bars representing N subunits, each associated with 6 nt which are not shown. Three cis-acting sequences which interact with the polymerase for initiating genome replication are shown as horizontal dark gray rectangles on the lower surface of the template. The polymerase is shown simply as an open box below; its P and L subunits are not indicated. The E307 replicon can tolerate a 6-nt insertion near the le ؉ -N junction (black bars in Fig. 9c and d) when C coexpression is suppressed but not the insertion of 12 or 18 nt. This finding suggests that a cis-acting element important for the initiation of replication was found beyond the le ؉ sequences, in the 5Ј untranslated region of the N gene. Since more than one cis-acting element within the le ؉ sequences appears to be important (and two are drawn in Fig. 9 ) (30), it is possible that these elements are separated by 6 nt because the polymerase can alter its conformation sufficiently only when 6 (and not 12 or 18) nt are inserted between the last two elements (Fig. 9c) . In Fig. 9d , the 6-nt insertion can no longer be accepted when C is coexpressed, because the polymerase cannot alter its conformation sufficiently to accommodate the last cis-acting element. This constraint on polymerase conformation causes it to become more selective with regard to the various promoters. C-insensitive promoters would thus be those requiring less conformational change.
By generating more selectivity as C proteins accumulate during infection, C might regulate the relative activities of the replication (and transcription?) promoters and would be expected to drive genome synthesis from antigenome templates. In accord with this idea, SeV MVC , the only natural mutant with mutations mapped to the C gene and whose C protein has mostly lost its ability to inhibit RNA synthesis in vitro (1), has an overtranscription phenotype in cell cultures (18) but does not accumulate more antigenomes, as might be expected (15a). We can foresee another way that increased selectivity can be beneficial to the virus. Although very little nongenomic RNA is assembled into nucleocapsids in most cell culture infections, some infections lead to the encapsidation of significant amounts of viral mRNAs (15a) . A more selective replicating complex would be less likely to engage these bogus templates. Finally, the SeV C protein might have other functions of which we are unaware, which might explain the presence of the C gene in so many paramyxoviruses.
In contrast to recoveries of infectious SeV from DNA, for which C gene expression must be suppressed, recoveries of respiratory syncytial virus (RSV) from DNA require the expression of the 22-kDa protein gene in addition to those of N, P, and L. In further contrast, the RSV 22-kDa protein exerts a positive effect on RNA synthesis as a processivity factor for mRNA synthesis (5) . Given our limited understanding of the SeV C proteins, it is possible that they exert their negative effect on the polymerase by modulating its processivity, but we have no evidence for this suggestion. In both SeV and RSV, a polymerase cofactor which modifies polymerase activity is apparently required for virus viability; in contrast to the situation for measles virus and VSV, we have so far been unable to prepare recombinant SeV without the ability to express all of its C proteins. Recombinant SeV which cannot express either CЈ or C can, however, be prepared (26b), and its phenotypes are under investigation. Furthermore, a point mutation in the SeV C proteins which relieves their inhibitory effects on viral RNA synthesis has recently been found also to attenuate virulence for mice by preventing multiple rounds of virus infections. The SeV C proteins may thus also play a role in modulating the antiviral effects of the innate immune system of the mouse (14, 21) .
The need to add selectivity to the RNA synthesis complex, however, could be an essential function that accounts for the failure to produce virus lacking all the C proteins. A nonselective replicating complex could be trapped on nonfunctional templates to the point at which the infection aborts. What appears then an inhibitory property becomes the price to pay for selectivity. This selectivity may have evolved with the pressure to control a process such as mRNA editing. This, in turn, requires the rule of six to prevent the consequence of nucleotide addition during replication.
Finally, this reverse genetic system with minireplicons, as complex as it appears for the coinfection of recombinant vaccinia virus, has nevertheless provided in vivo data that correlate with in vitro results produced before (9) . The interpretation of the role of C given here also fits with the inability to rescue recombinant SeV expressing none of the C proteins, suggesting that the data obtained with this system are also relevant for SeV infection. This fact is noteworthy, since for VSV the effect of C on in vitro transcription (31) was not verified when the virus lacking C was produced (24) .
